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Abstract 
The aim of the paper is to investigate plant flexibility for a pre-combustion cycle.  That is, answering the question: how flexible is 
the plant to changes in operating conditions?  Steady-state off-design simulations was the key component of the plant flexibility 
analysis.  Specifically, part load behavior and dual-fuel operation of the integrated reforming combined cycle (IRCC) were 
studied.  The idea of the plant was to use hydrogen-rich decarbonized fuel as the primary fuel and natural gas as back-up fuel.  If 
a problem would occur in the reforming, water-gas shift, or CO2 capture processes there might be a need to switch to a natural 
gas feed for the gas turbine.  This led to design challenges for the heat recovery steam generator (HRSG).  The design of the 
HRSG for the IRCC process was different from an HRSG design in a natural gas combined cycle (NGCC) plant because of the 
significant amount of steam production from the heat generated in the reforming process.  In addition, preheating (within the 
HRSG) of some of the process streams could add to the complexity in HRSG design.  For the concepts studied it was of 
importance to maintain a high net plant efficiency on both fuels.  Therefore the HRSG design had to be a compromise between 
NGCC and IRCC operation modes.  In the analysis performed, part load behavior was good with efficiency reductions from base 
load operation comparable to that of the reference combined cycle plant.  Based on the analysis performed in the present work, it 
was possible to operate a complex plant like an IRCC at loads down to 60% gas turbine load while capturing 85% of the CO2.  
During start-up and operation at lower loads, CO2 would not be captured.  The investigation was done by using process 
simulation tools Aspen Plus by AspenTech and GT PRO/GT MASTER by Thermoflow.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
One option for CO2 capture from fossil fueled power plants is pre-combustion capture, where the fossil fuel is 
used for producing a syngas and the carbon (as CO2) is separated before the combustion takes place.  There exist 
many possible configurations for a pre-combustion plant [1].  One such process is the integrated reforming 
combined cycle (IRCC), e.g., see [2].  The IRCC process reforms natural gas to a syngas, converts the CO to CO2 in 
the water-gas shift reactors, separates the CO2 in the capture subsystem, and the resulting hydrogen-rich fuel is used 
for the gas turbine in a combined cycle setup.  The CO2 is compressed and stored.  Many options exist for the CO2 
separation.  One alternative is to use a chemical absorption system utilizing a hot potassium carbonate solution, e.g., 
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see [3].  A simplified process schematic of a natural gas pre-combustion setup is shown in Figure 1.  In the 
schematic, the water-gas shift section has been included in the reforming box.  Notable in a natural gas pre-
combustion setup is the amount of steam produced from heat generated in the reforming process.  This is indicated 
with H2O streams between the power island and reforming blocks in Figure 1.   
 
Figure 1.  Schematic of natural gas pre-combustion capture. 
As full-scale implementation of CO2 capture draws nearer, plant flexibility could gain increased interest.  In a 
scenario where CO2 capture plants become common-place, part load operation for load-following will be an 
important part of the operation scheme.  For a plant such as the one modeled in this work the goal would certainly 
be to run it at base load operation for the majority of the time but as part of an overall electricity grid strategy, part 
load operation would come into play.  Dual-fuel capability could also become an important design factor.   
Studies on plant flexibility for power plants with CO2 capture include [2,4,5,6].  Plant flexibility for IRCC 
processes are analyzed in [2].  An overview of studies incorporating operating flexibility for power plants with CO2 
capture is done by [4].  Operating flexibility for capture plants, with focus on coal-fired plants with post-combustion 
capture, is investigated by [5,6]. 
2. Process description 
The process flowsheet is displayed in Figure 2.  In the power plant part of the process flowsheet, the GT, ST, and 
HRSG are displayed.  Within the HRSG, the heat exchangers for the different pressure levels are indicated.  
Included are the low-temperature economizer (LTE), the intermediate-pressure economizer (IPE), boiler (IPB), and 
superheater (IPS), the reheat section (RH), and the high-pressure economizer (HPE), boiler (HPB), and superheater 
(HPS).  The two duct burners (DB) are also displayed in Figure 2.  Note that the IPB is drawn with dotted lines since 
in the IRCC setup the IPB in the HRSG was not utilized (only used when operating on NG).  
Reforming of natural gas was modeled as a one-step process in an ATR.  The ATR is divided into a combustion 
zone and a thermal and catalytic zone.  The heat generated from burning natural gas in the combustion zone 
provides heat for the reforming in the thermal and catalytic zone.  In the water-gas shift reactors HTS and LTS most 
of the remaining CO was converted to CO2.  Downstream of the shift reactors, about 98% of the CO2 was separated 
in the CO2 capture subsystem, and the hydrogen-rich fuel vented from the absorber was used for the GT.  The CO2 
capture subsystem consisted of a hot potassium carbonate process.  The CO2 was compressed to 150 bar in the CO2 
compression (four intercooled stages) and pump train. 
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Figure 2.  IRCC process flowsheet. Stream numbering and temperatures (in °C) are indicated for selected streams. 
 
As the ATR was air-blown there was a significant portion of nitrogen in the syngas.  This nitrogen was used as 
fuel diluent for NOx abatement in the GT combustor.  The air needed for the ATR was bled from the GT compressor 
discharge plenum (flow-controlled with valve) and boosted up to system pressure with an air compressor.  The 
selected gas turbine was a GE 9FB.  The bottoming steam cycle, including the HRSG and an ST, was a dual-
pressure reheat system with pressure levels of 130 bar for the HP system and 27.5 bar for the IP system.  The GT 
exhaust and HRSG pressure drop was assumed to be 0.022 bar.  The condensing pressure was 0.04 bar.  The HRSG 
was duct-fired at two locations in the gas path.  One was located in the hottest zone of the HRSG to get the gas 
temperature up to a level close to what it would be for an NGCC.  The IRCC GT exhaust temperature was lower 
because of the lower TIT.  The second supplementary burner was located upstream of the preheating section.  The 
heat added with the second duct burner was very close to the heat removed by the preheating streams.  This was a 
feature enabling dry operation of the preheating section when the plant is operating on natural gas since the duct 
burners are not in operation during NG operation and thereby the temperature to the preheating section is 
sufficiently low.  All duct firing was fueled with natural gas and increased the CO2 released from the plant.  
However, this was compensated with a high capture rate (98%) of the CO2 capture subsystem to result in an overall 
capture rate around 85%. 
A significant amount of steam was produced from heat generated in the autoreforming process.  Saturated water 
from the HPE was supplied to the syngas cooler and saturated steam was generated.  From the syngas cooler, the 
saturated steam was supplied to the HP steam drum (not shown in process flowsheet).  The same mass flow of steam 
as generated in the syngas cooler was supplied to superheaters HPS1A and HPS1B before submitted to the HRSG 
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HPSs.  IPE1A is acting as an IP economizer and IPB as an IP evaporator (same mass flow).  GTPRE was preheating 
the fuel gas for the GT to 200 °C and PRE1 was preheating the supplied NG before it was further preheated in the 
HRSG.  
As a reference plant, a state-of-the-art NGCC plant was simulated in GT PRO and GT MASTER.  The reference 
plant did not include any CO2 capture.  Included in the plant was the same type gas turbine, a GE 9FB, as for the 
IRCC, but was operating at the full 9FB TIT of 1427 °C.  The steam cycle was a triple-pressure reheat cycle with 
HP pressure of 130 bar, IP pressure of 27.5 bar, and LP pressure of 3.4 bar (all pressures at inlet of ST).   
3. Methodology 
Plant flexibility was investigated both qualitatively and quantitatively.  Steady-state part load simulations and 
evaluations were the key components of the plant flexibility analysis.  The process models were built and simulated 
in Aspen Plus [7] and GT PRO/GT MASTER [8].  From a qualitative standpoint, dual-fuel capability was analyzed.  
To investigate the plant's ability to operate and its performance at off-design conditions, two steady-state part load 
cases were simulated.  An 80% and a 60% relative GT load, RLgt, case, as defined by Eq. 1, were included in the 
analysis.  The reason for selecting the relative part load points as a function of gas turbine load is because the GT 
dictates the overall plant load.  By changing the GT load, the steam cycle, as well as the pre-combustion process, 
will follow.  
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where gtW  is the gas turbine gross power output.  Subscript d refers to design conditions. 
The net plant efficiency was expressed as 
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stW is the steam turbine gross power output; Wcomp the total power consumption by the air and CO2 compression; Wp 
the pump power for feed water pumps, pumps in the absorption subsystem, etc.  Waux is the auxiliary power 
requirement. m is the mechanical efficiency and gen is the generator efficiency.  drive is the efficiency of the drives 
for the different compressors and pumps.  NGm is the natural gas mass flow entering the system and LHVNG the lower 
heating value of the natural gas. 
In the off-design scenarios the overall heat transfer coefficient U in the heat exchangers will vary and was, in the 
simulations, expressed as 
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A is the heat transfer area; m the fluid mass flow.  Subscript h refers to hot side of heat exchanger and subscript d 
refers to design conditions. 
For pressure drop in off-design cases the following expression was used 
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where  is the density of the fluid. 
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Gas turbine part load operation commonly employs variable guide vanes (VGV).  This is the case for the GE 9FB 
which has one row of VGVs where the flow angle entering the first stage of the compressor can be varied.  The 
VGV operation allows reduction of the air flow and the turbine exhaust temperature can remain high at part load 
operation.  The high exhaust temperature means the part load combined cycle efficiency can be maintained at a high 
level.  However, at the lower part load range the cycle efficiency drops off quicker.  The steam cycle part load 
operating concept involves sliding pressure operation with fully open steam valves down to approximately 50% 
steam turbine load [9].  At lower loads the operating concept is based on fixed steam pressure operation by closing 
of the steam valves.  This leads to throttling losses in the ST inlet valves.  These factors combined may suggest that 
it does not make sense to operate a plant, such as the one presented in this chapter, at a much lower GT load than 
60%.  Also, NOx and CO emissions could be an issue at low part load operation.  Certainly, the plant still has to be 
able to operate at lower part load points, not the least during transients such as startups and shutdowns; however, 
transient analysis was not covered in this paper. 
The turbine inlet temperature reduction (due to hydrogen-rich fuel) was reduced (80% case) or removed (60% 
case) for the off-design simulations since the temperature was decreased anyway for part load operation.  The air 
booster compressor pressure ratio and isentropic efficiency were calculated with a compressor map as shown in 
Figure 3.  The map has been adopted from the original, presented in a map collection by Kurzke [10]. 
 
Figure 3.  Compressor map for the air booster compressor. The chosen design point is indicated. 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Pr
es
su
re
 ra
tio
 
1.2
1.4
1.6
1.8
2.0
2.2
2.4

01 01m T p
sur
ge 
line
01N T
(relative to design value)
(relative to design value)
design point
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Is
en
tro
pi
c 
ef
fic
ie
nc
y 
 i
s
0.0
0.2
0.4
0.6
0.8
1.0

01 01m T p (relative to design value)
design point
01N T
(relative to design value)
2560 L.O. Nord, O. Bolland / Energy Procedia 4 (2011) 2556–2563
6 Nord, L.O./ Energy Procedia 00 (2010) 000–000 
In the design case, the inlet temperatures to the ATR and the water-gas shift reactors were fixed.  For the off-
design calculations, these constraints were removed (although for the water-gas shift reactors, the inlet temperatures 
could to some degree be controlled by altering the steam generation in the HXs prior to the HTS and LTS).  Instead,  
for each part load case a check was performed to see if the inlet temperatures were within the operational window of 
each reactor.  Based on the resulting inlet temperatures it was not necessary to use bypass valves for the various heat 
exchangers at the steady-state part load cases simulated (although likely needed during lower part load and startup 
and shutdown). 
4. Results and Discussion 
For the HP system, the majority of the steam was generated outside the HRSG.  Of the 152.7 kg/s of steam 
admitted to the HP ST, 112.4 kg/s (74%) were generated in the process heat exchangers external to the HRSG.  
Saturated water from the HPE was supplied to the syngas cooler and saturated steam was generated.  For further 
details on the HRSG design refer to [11].  The net plant power output was 420 MW.  A summary of the results is 
displayed in Table 1 and selected stream results in Table 2. 
The off-design calculations resulted in net plant efficiencies of 44.0% and 42.3% for the 80% and 60% load cases 
respectively.  The capture penalties for the part load cases were very similar to the design case, that is, between 12 
and 13%-points.  The CO2 capture rate was 85.2% for both off-design cases, with CO2 emissions of 72–74 g/net 
kWh electricity.  The results are presented in Tables 1 and 2. 
The air extraction from the compressor discharge was decreased to 79 kg/s (approximately 14% of GT inlet air 
flow) for the 80% case and 65 kg/s (approximately 14% of GT inlet air flow) for the 60% case.  Based on the 
compressor maps, the air booster compressor pressure ratio was 1.850 and isentropic efficiency 85.07% for the 80% 
case.  For the 60% case, the pressure ratio was 1.717 with an isentropic efficiency of 84.47%.  This should be 
compared to the design point values of 1.918 for pressure ratio and 84.77% for isentropic efficiency.  In Figure 3 the 
pressure ratio and isentropic efficiency is plotted as a function of corrected mass flow for different corrected speeds 
The corrected mass flow and the corrected speed are relative to design value.  The surge line is also visible in the 
figure.  The chosen design point for the booster air compressor is indicated in the graph.  For off-design operating 
conditions it is assumed that the compressor can be speed controlled.  For the GT compressor, GT MASTER used 
maps built-in to the program. 
For the design case of the reference plant, the net plant efficiency (excluding transformer losses) was 58.1% 
based on the lower heating value.  Net plant power output was 439 MW (excluding transformer losses) and CO2 
emissions were 365 g CO2/net kWh electricity.  For the 80% off-design case the net plant efficiency was 56.7% with 
a net power output of 365 MW.  The 60% case resulted in a net plant efficiency of 54.6% and a net power output of 
290 MW. 
 
5. Conclusions 
In the analysis performed, part load behavior was good with efficiency reductions from base load operation 
comparable to that of the reference combined cycle plant. Based on the analysis performed in the present work, it 
was possible to operate a plant like an IRCC at loads down to 60% gas turbine load while capturing 85% of the CO2.  
Also, it can be concluded that considering off-design conditions, such as part load steam turbine extraction pressures 
and air booster compressor pressure ratio, are important during the design stage of a plant. 
As part of the design process, HRSG design proved important.  The design of an HRSG for an IRCC plant 
requires the ability to operate on both a hydrogen-rich fuel and on NG.  Also, since a significant amount of steam is 
produced from the heat generated in the autoreforming process, the HRSG design differs from a design in an NGCC 
plant.  Preheating of process streams further add to the complexity.  The complexity of selecting an HRSG design 
increased when also considering that steam could be superheated, and LP and IP steam could be generated in the 
reforming process heat exchangers.  For the concept studied it was also of importance to maintain a high net plant 
efficiency when operating on NG.  Therefore the selection of HRSG design had to be a compromise between NGCC 
and IRCC operating modes.  Duct burning proved positive for plant flexibility and the option to switch between a 
hydrogen-rich fuel and NG for the GT.   
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Table 1.  Result summary for design case (100% GT load) and off-design cases (80% and 60% GT load). 
Gas turbine relative load (%) 100.0 80.0 60.0  
Natural gas LHV input (MW) 924.0 797.8 666.4 
Gross power output GT (MW) 253.5 202.8 152.1 
Gross power output ST (MW) 199.1 178.0 155.5 
Gross power output (MW) 452.6 380.8 307.6 
Gross power output (% of LHV input) 49.0 47.7 46.2 
Air compression (MW) 6.4 5.2 3.8 
Air compression (% of LHV input) 0.7 0.6 0.6 
CO2 compression (MW) 16.7 14.5 12.1 
CO2 compression (% of LHV input) 1.8 1.8 1.8 
CO2 capture pumps (MW) 1.9 1.6 1.3 
CO2 capture pumps (% of LHV input) 0.2 0.2 0.2 
Auxiliaries (MW) 8.9 8.6 8.3 
Auxiliaries (% of LHV input) 1.0 1.1 1.2 
Net power output (MW) 418.7 351.0 282.1 
Net plant efficiency (% of LHV input) 45.3 44.0 42.3 
Efficiency capture penalty (%-point loss to ref. case) 12.8 12.7 12.3 
CO2 emissions (g CO2 / net kWh el.) 70.1 71.9 74.3 
CO2 capture rate (%) 85.1 85.2 85.2 
 
Table 2.  Selected stream results for design case (100% GT load) and off-design cases (80% and 60% GT load).   
Stream numbering in accordance with Figure 2. 
 100.0% 80.0% 60.0% 
No. T (°C) p (bar) m  (kg/s) T (°C) p (bar) m  (kg/s) T (°C) p (bar) m  (kg/s) 
1 10.0 30.6 18.4 10.0 30.6 15.8 10.0 30.6 13.2 
5 500.0 30.0 48.8 508.4 30.2 42.0 518.3 28.3 35.0 
13 500.0 30.0 91.4 506.5 24.8 78.4 513.9 19.4 65.1 
14 950.0 29.3 140.2 950.0 24.3 120.4 950.0 19.0 100.1 
23 133.5 27.1 140.2 128.6 22.3 120.4 128.7 17.3 100.1 
25 200.0 25.9 78.3 203.0 21.3 67.2 204.0 16.4 55.9 
27 594.7 1.036 628.4 622.4 1.030 539.4 649.1 1.026 456.1 
33 238.6 31.5 16.9 239.0 31.2 15.0 238.7 30.9 11.5 
35 336.2 135.6 112.4 338.7 134.3 95.0 334.7 133.2 82.0 
37A 400.0 135.6 67.1 395.6 134.3 58.0 381.4 133.2 47.0 
37B 400.0 135.6 45.3 395.6 134.3 37.0 381.4 133.2 35.0 
42 275.0 2.0 41.5 275.4 2.0 35.8 276.5 2.0 29.9 
46 50.0 1.1 48.4 50.0 1.1 41.8 50.0 1.1 35.0 
47 53.8 150.0 46.5 53.7 150.0 40.2 53.6 150.0 33.6 
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